Abstract Begomoviruses are the most important viruses affecting tomato (Solanum lycopersicum) crops in Brazil. Tomato severe rugose virus (ToSRV) is the most predominant species, followed by Tomato golden vein virus (TGVV). We evaluated the putative effect of host range and whitefly transmission efficiency on the predominance of ToSRV. Whitefly (Bemisia tabaci, B biotype or MEAM 1) vectors carrying the two viruses were allowed to freely inoculate plants of 27 species, maintained in cages. Visual and PCR detection indicated that ToSRV could infect five plant species and TGVV could infect six species. Transmission studies were performed in single or double infections in tomato plants. ToSRV infected a higher percentage of plants than TGVV (single or mixed inoculation) in all trials. The rates of acquisition of ToSRV and TGVV, however, did not differ significantly between insects fed on tomato leaves with single or mixed infections. A higher transmission efficiency of ToSRV by whiteflies under the agricultural conditions of tomato cultivation in Brazil may thus contribute to the predominance of ToSRV in the field.
Golden mosaic disease caused by begomoviruses (genus Begomovirus, family Geminiviridae) is a major concern in many crops around the world. Significant losses due to high incidences of begomoviruses have been reported in tomato, bean, cowpea, cotton, and chili crops in the Americas (Faria et al. 2000; Morales and Anderson 2001) . Many weed species have also been reported as hosts of begomoviruses in several countries, including Brazil (Morales and Anderson 2001; Barbosa et al. 2009 ). Begomoviruses are naturally transmitted by the whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) (Rojas et al. 2005; Brown et al. 2012 ) in a persistent and circulative manner (Hunter et al. 1998; Rosello et al. 1999; Ghanim et al. 2001) . Seventeen species of begomoviruses have been reported to infect tomatoes in Brazil (Ribeiro et al. 2003; Fernandes et al. 2006; Calegario et al. 2007; Castillo-Urquiza et al. 2008; Albuquerque et al. 2010) . The rapid emergence of begomoviruses in this pathosystem may be due to the high frequency of observed recombination events, therefore resulting in their rapid evolution (Rocha et al 2013) . Nevertheless, three species are most commonly found in the field: Tomato severe rugose virus (ToSRV) is the most predominant and is found throughout the country, Tomato golden vein virus (TGVV) in common in the southeastern and midwestern regions, and Tomato mottle leaf curl virus (TMoLCV) is widespread in the northeast (Fernandes et al. 2008) . The predominance of a specific virus in a region can be due to several factors, such as vector specificity, host range, viral adaptation to local climatic conditions, and cultivation system. This topic has been poorly studied, especially for bipartite begomoviruses in Brazil. The objective of this study was to compare the host ranges and whitefly transmission efficiencies of ToSRV and TGVV isolates and to discuss the possible relationship between these properties and the predominance of ToSRV in the field. The experiments were performed at the Laboratory of Virology and in the greenhouse of Embrapa Hortaliças in the Federal District of Brazil. The viral sources were prepared by agrobacterium-mediated inoculation of infectious clones of ToSRV (ToSRV-1164) and TGVV (TGVV-1799) in tomato plants (Solanum lycopersicum cv. Viradoro) in an insect-proof greenhouse. The whitefly population used for the transmission tests has been maintained for several generations on cabbage plants (Brassica oleracea var. capitata), a non-host for Brazilian tomato begomoviruses. The whiteflies were identified as the B biotype of the B. tabaci complex [also known as Middle EastAsia Minor 1 (MEAM 1) species]. PCR amplification of part of the mitochondrial cytochrome oxidase I gene of the whitefly population was amplified with primers C1-J-2195-FW (5′-TTG ATT TTT TGG TCA TCC AGA AGT-3′) and C1-J-2195-RV (5′-TCC AAT GCA CTA ATC TGC CAT ATT A-3′) (Simon et al. 1994; Frohlich et al. 1999) , followed by enzymatic digestion of the amplicons with TaqI, according to Bosco et al. (2006) .
The host ranges of both viruses were first tested by whitefly inoculation in a free-choice feeding test using 5-19 replications of 27 plant species: Abelmoschus esculentus, Capsicum annuum cv. Tico, C. baccatum cv. Mari, Chenopodium amaranticolor, C. quinoa, Crotalaria incana, C. ochroleuca, Cucurbita pepo cv. Caserta, Datura metel, D. stramonium, Euphorbia heterophylla, Gomphrena globosa, Gossypium hirsutum, Glycine max, Ipomoea aristolochiaefolia, I. setosa, Nicandra physaloides, Nicotiana benthamiana, N. rustica, N. tabacum cv. Samsun and cv. TNN, Phaseolus vulgaris, Physalis pubescens, Senna obtusifolia, Sida rhombifolia, Solanum americanum and S. lycopersicum cv. Viradoro (tomato).
The viral sources were tomato plants inoculated with ToSRV or TGVV approximately 30 days before acquisition and showing characteristic symptoms of interveinal chlorosis (begomoviral infection in the source plants was confirmed by PCR as described below). Large populations of whiteflies (approximately 400 insects) were allowed to mass feed on tomato plants infected with ToSRV or TGVV for a 48-h acquisition access period in a 50 ml tube. The whiteflies (two tubes per cage) were then transferred to cages containing the various trial host plants for a 7-day inoculation access period, after which an insecticide (Thiamethoxam) was applied to eliminate the insects. The trial cages contained up to 24 pots with healthy young plants (3-4 true-leaf stage). In each cage, different plant species were added with at least two tomato plants as the susceptible control. Inoculation of ToSRVand TGVV was done at the same time in cages with identical composition of plants.
Total DNA was extracted from the upper leaves of the inoculated plants to confirm successful infection, based on the method developed by Doyle and Doyle (1987) , and stored at −20°C until use. The two begomoviruses were detected by PCR using specific primers for each species: ToSRV1f (5′-TCT TTG AAG GCG GCA GAA GG-3′) and ToSRV2r (5′-CTC ATA GTT AGC GGC CTT TTT-3′), which amplify a fragment of ca. 820 bp from ToSRV DNA-A, and TGVV1f (5′-GCS AAG TTG AGATTT GAT CT-3′) and TGVV 6r (5′-TCG GGT CTA GAG CTC ATC-3′), which amplify a fragment of ca. 440 bp from TGVV DNA-A (Fernandes et al. 2010) .
PCRs for all assayed plant species, performed 21 days after free-choice whitefly inoculation, identified both viruses only in Nicandra physaloides, Nicotiana rustica, Capsicum baccatum cv. Mari and S. lycopersicum (Table 1) . In three plant species (Gomphrena globosa, Solanum americanum and Physalis pubescens) only TGVV was detected, and in Datura stramonium and Nicotiana tabacum cv. Samsun only ToSRV infection was confirmed (Table 1 ). All tomato plants were infected, confirming the efficiency of the inoculation method, and exhibited clear symptoms: vein clearing, mild leaf rolling and interveinal chlorosis in TGVV-infected plants, and rugosity, stunting, and strong interveinal chlorosis in ToSRV-infected plants. N. physaloides plants were also highly susceptible and showed chlorotic spots and mild leaf distortion when infected with either virus. N. physaloides plants play an important role as a ToSRV reservoir (Barbosa et al. 2009 ), and our results suggest that it may likely play such a role for TGVV as well. ToSRV and TGVV did not cause any visible symptoms in the other infected plants during the 3-week evaluation period.
Other ToSRV isolates have been reported to be able to infect Euphorbia heterophylla (Barbosa et al. 2011; Barreto et al. 2013) and Phaseolus vulgaris (Barbosa et al. 2011) , suggesting that its host range may be variable among isolates and inoculation conditions. In our study, the host range was evaluated in a free-choice test, and it is possible that some plant species may not have been preferentially inoculated by the whitefly vectors in the presence of a more attractive host in the same cage. Both viruses, however, were tested in identical trials, hence our results are useful for a comparison of the host ranges of the two viruses. S. americanum is a common weed in tomato fields throughout Brazil, whereas G. globosa and P. pubescens are not commonly found in the field. The ability of TGVV to infect S. americanum may confer an advantage to its survival and spread in the field, as reported for the displacement of Tomato yellow leaf curl Sardinia virus by Tomato yellow leaf curl virus (TYLCV-Is) due to the latter's ability to infect P. vulgaris plants (Sánchez-Campos et al. 1999 ). The TGVV isolate, however, clearly did not benefit by being able to infect S. americanum plants. The low infection rate observed in this trial may contribute to the reduced importance of S. americanum for the maintenance and spread of TGVV isolates in the field. ToSRV, however, could infect N. tabacum and D. stramonium. Tobacco plants are normally not found in tomato fields, but D. stramonium plants are common weeds in northeastern Brazil although less common in the south-central region. These observations imply that the differences in host range determined using the free-choice test may not be the determinant factor for the predominance of ToSRV in the field.
The transmission efficiency was next tested for each virus. Three viruliferous insects were confined in plastic cups containing single tomato plants at the 3-4 true-leaf stage. After inoculation, the cups were carefully removed, and the whiteflies were killed by subsequent treatment with thiamethoxam. The plants were then grown in an insect-proof greenhouse for 3 weeks for symptom evaluation and infection analysis. Pairwise comparisons of transmission efficiency were performed using Fisher's exact test at P<0.05 [R version 2.5.1 (06.27.2007), The R Foundation for Statistical Computing].
After the inoculation access period, only plants with at least one living insect were considered for the analyses. Two trials were performed. Obvious symptoms of infection (interveinal chlorosis, leaf curling, and stunting) were observed in plants infected with ToSRV at 3 weeks post-inoculation. Plants inoculated with TGVV initially exhibited strong vein-clearing but later became nearly asymptomatic.
The rate of transmission in both trials was higher for ToSRV than TGVV ( Table 2 ). The proportion of plants infected by ToSRV was higher in all tests in both single and mixed infections. The average percentage of infection was approximately five times higher in plants inoculated with ToSRV (41.86 %) than in plants inoculated with TGVV (8.33 %) ( Table 2) . This difference was more evident in mixed infections. The average percentage of plants infected with only ToSRV was 38.37 % and with only TGVV was 0.02 %. Only three of 81 plants were infected with both viruses. These results indicated that this ToSRV isolate was more efficiently transmitted by whiteflies than the TGVV isolate.
To test if the inoculation efficiency was due to a differential acquisition rate of each virus by the insects, we collected whiteflies after the acquisition period (48 h) on infected tomato plants and tested them in two trials by PCR for the presence of the two begomoviruses. The extraction of total DNA and the PCRs were performed as described earlier. Individual insects fed on ToSRV-, TGVV-, or doubly-infected plants were tested (Table 3 ). The average rate of infected whiteflies fed on single-infected plants was 85 % for both viruses. PCR is a (Costa 1976) . Many new species and isolates have since been reported in most tomato-growing regions of the country, coinciding with the increase and spread of B. tabaci populations (Ambrozevicius et al. 2002; Ribeiro et al. 2003; Fernandes et al. 2006 Fernandes et al. , 2008 Albuquerque et al. 2010) . The predominance of ToSRV in Brazilian tomato fields was reported in samples collected from 1994 to 2004 (Fernandes et al. 2008 ) and in those collected recently (data not shown). In our tests, the ToSRV isolate was transmitted by whiteflies significantly more efficiently than TGVV. This difference was most likely related to the inoculation efficiency, because both viruses were acquired at a similar rate. The monopartite begomoviruses Tomato yellow leaf curl Sardinia virus and Tomato yellow leaf curl virus were acquired at similar levels by B. tabaci biotypes B and Q but were transmitted to tomato plants at different rates (Sánchez-Campos et al. 1999) .
We assessed the ability of the insects to acquire the two viruses by PCR-based detection of viral DNA. This test only indicated that the insects contained genomic DNA and not that they contained viruses able to infect healthy plants (McGrath and Harrison 1995) . Strategies to detect viral particles in the salivary glands would better address this issue and will be tested in future studies. Wei et al. (2014) recently demonstrated that the B biotype of B. tabaci was able to efficiently transmit isolates of TYLCV-Is and of Tomato yellow leaf curl China virus (TYLCCNV), whereas the Q biotype could only transmit TYLCV-Is. These authors suggested that a barrier may be present to prevent the translocation of TYLCCNV particles to the primary salivary gland of the vector. Furthermore, exchanging part of the coat-protein gene between TYLCV-Is and TYLCCNV demonstrated the importance of the coat protein in transmission.
Many factors likely contribute to the population dynamics of viruses in the field, but our results indicate that the higher transmission efficiency of ToSRV by B. tabaci in tomato plants could be a major factor leading to the predominance of this species in the field. Other factors, such as host susceptibility, differences in whitefly populations and climatic adaptation may also affect the fitness of a species and will be examined in future studies. Efforts to elucidate the factors contributing to the emergence and prevalence of begomoviral species are important to understand viral epidemiology and to assist in the development of effective management strategies.
